M17 aminopeptidases possess a conserved hexameric arrangement throughout all kingdoms 19 of life. Of particular interest is the M17 from Plasmodium falciparum (PfA-M17), which is a 20 validated antimalarial drug target. Herein we have examined PfA-M17 using an integrated 21 structural biology and biochemical approach to provide the first description of the fundamental role 22 of oligomerisation. We found that, rather than operating as discrete units, the active sites of the 23
cellular environment. Such an arrangement is often mediated by multimeric self-association, such 44 as that seen for the family of M17 aminopeptidases, otherwise known as PepA or LAP (leucyl 45 aminopeptidases; Clan MF; M17 family) (MEROPS (Rawlings, Barrett, & Finn, 2016) ), which are 46 present in all kingdoms of life. Although overall sequence conservation is low, M17 47 aminopeptidases possess a conserved homohexameric structure wherein a dimer of trimers encloses 48 an inner cavity harbouring the six active sites (Lowther & Matthews, 2002) . The sequence and 49 structure of the proteolytic sites themselves, as well as the reaction they catalyse, are highly 50 conserved, all utilising two divalent metal ion cofactors to catalyse the removal of select N-terminal 51 amino acids from short peptide chains (Lowther & Matthews, 2002) . This reaction contributes to 52 intracellular protein turnover, a fundamental housekeeping process across all living organisms 53 (Charlier et al., 1995) . Therefore, although the family of M17 aminopeptidases have a highly 61 conserved structure across different organisms, they are multifunctional, capable of performing 62 diverse organism-specific functions far beyond peptide hydrolysis. Our understanding of 63 mammalian M17 aminopeptidases is based on early investigations into the structure and catalytic 64 mechanism of the bovine lens M17 aminopeptidase, which while considerable, consider the six 65 chains within the hexamer as discrete entities. Further, although some flexibility within the active 66 site has been considered (Schurer, Horn, Gedeck, & Clark, 2002) , the role/s of the conserved 67 hexameric arrangement of M17 aminopeptidases, as well as motions within this arrangement, have 68 thus far not been investigated. 69 
Does hexamerisation play a functional role? 97
The hexameric arrangement of M17 aminopeptidases is highly conserved, however, the 98 contribution of this assembly to enzyme function is unknown. The arrangement is characterised as a 99 dimer of trimers (Burley, David, Taylor, & Lipscomb, 1990) ; three chains (a, b, and c, Fig. 1A ) 100 interact via their C-terminal catalytic domains to form a 'trimer' (abc), two of which (abc and abc*) 101 then associate to form the hexamer, (abc) 2 (Fig. 1A) . The result is a large central cavity containing 102 the six active sites arranged in two symmetrical disk-like arrangements ( Fig. 1B and 1C) . Despite 103 the proximity of the active sites, both unliganded and liganded crystal structures of PfA-M17 show 104 they exist as six discrete units (McGowan et al., 2010) . Each of the active sites is composed entirely 105 of residues from a single chain and contains its own catalytic machinery that includes two zinc ions 106 and a carbonate ion. Based on the current evidence, hexamerisation does not have a clear role in the 107 catalysis. However, the M17 aminopeptidase from H. pylori (Hp-M17) exhibits positive 108 cooperativity, which suggests that communication between the Hp-M17 active sites does occur 109 (Dong et al., 2005) . Therefore, to probe the role of PfA-M17 hexamerisation in catalysis, we first 110 attempted to identify whether any cooperativity between the PfA-M17 active sites exists, or if the 111 sites operate as discrete units. We employed a fluorescence-based aminopeptidase activity assay in 112 substrate saturation experiments, wherein we assessed the relationship between substrate 113 concentration and reaction velocity and analysed the Hill coefficient (SI 1). In contrast to the results 114
of Hp-M17, we were unable to detect any evidence of cooperativity during PfA-M17 catalysis (Hill 115 coefficient, n H = 1.0), which suggests that although both Hp-M17 and PfA-M17 share a conserved 116 overall assembly and highly conserved active site structures, they process substrates differently. 117
This result is in contrast to the major assumption currently made within the M17 aminopeptidase 118 literature, that the catalytic mechanism of the enzymes are conserved, and operate as has been 119 described for the M17 enzyme from bovine lens (Lowther & Matthews, 2002) . 120
121

Gatekeeper loops mediate access to central catalytic cavity 122
In the absence of evidence showing catalytic cooperativity between the active sites of the 123
PfA-M17 hexamer, we hypothesised that oligomerisation plays a regulatory role. To examine this 124 theory, we turned to all-atom molecular dynamics (MD) simulations to determine the mechanism 125 by which protein dynamics might be moderating PfA-M17 activity. We performed all-atom MD 126 simulations of hexameric PfA-M17 (3 × 400 ns). Analysis of the root mean square deviation 127 (RMSD) over the course of the simulation indicated that the hexamer did not undergo any large 128 conformational changes, nor rigid body movements (average RMSD of Ca atoms = 2.5 ± 0.04 Å, 129 SI 2A). We performed a principal component analysis (PCA) of the simulations on the backbone 130 and zinc atoms of hexameric PfA-M17, and observed that the top PC, PC1, accounts for 62 % of the 131 total variance, while PC2 accounts for only 10 %. Projecting the trajectories onto the top two PCs 132
showed the major motion, described by PC1, is an expansion of the hexamer from 120 Å to 127 Å 133 (average of three measurements between Cα of Asn181 a , Asn181 b and Asn181 c ) (SI 2B). The 134 expansion is ~ 6%, and likely results primarily from the release of crystal constraints (Gerstein & 135 Chothia, 1996) . 136
The crystal structure of PfA-M17 showed six channels connecting the central catalytic 137 cavity to the protein surface, and identified a ~20 Å flexible loop (residues 246-265) that sits at the 138 entrance to the channels (McGowan et al., 2010). The complete loop was able to be modelled in 139 only one of the six chains, where it occluded the channel entrance, suggesting that the loops may 140 regulate substrate ingress and/or product egress (McGowan et al., 2010) . The putative access 141 channels, flexible loops, and any motions they might undergo, were therefore of great interest to us. 142
Initial modelling and energy minimisation of the starting loop conformations resulted in almost 143 complete occlusion of the channel entrances (diameters ~4-5 Å across the bottleneck, Fig 2A, SI 3) , 144 in line with the conformation modelled for the single complete chain in the original crystal 145 structure. Over the course of the MD simulation, the diameter of the pores increased, opening some 146 of the channels to external solvent (Fig. 2B) . Pore increases were partially mediated by the flexible 147 loop identified in the crystal structure (residues 246-265), but also by a second loop on the other 148 side of the channel, which is contributed from the opposing trimer in the hexamer (residues 132-149 150). The 'gatekeeper loops' underwent a range of motions, affecting the size of the channels to 150 varying degrees. While one channel increased in diameter throughout the simulation (channel 6, 151 increased from 4.9 Å to 8.9 Å, Δ4.0 Å, Fig. 2C, SI 3) , another remained occluded throughout the 152 simulation (channel 3 starting diameter was 4 Å compared to 4.5 Å at completion, Δ0.5 Å, Fig. 2D mechanism of preserving active site stability by oligomerisation has been previously described, for 226 example, DHDPS, which utilises a tetrameric arrangement to stabilise the catalytic dimerization 227 interface for optimal catalytic efficiency (Reboul et al., 2012) . 228
Early work based on static structures of M17 aminopeptidases, primarily the M17 from 229 bovine lens, suggested that the nucleophilic water is likely deprotonated by either a bound 230 carbonate molecule or a conserved active site lysine residue (Sträter & Lipscomb, 1995) . Density 231 function theory was applied, which suggested that the energy barrier for the lysine to act as the 232 catalytic base is prohibitively high, and therefore implicated the carbonate ion for this role ( Novel PfA-M17 conformation captured by crystallography 255
The MD simulations identified a flexible loop capable of linking one PfA-M17 active site to 256 the neighbouring unit of the trimer. This is the first evidence that shows the active sites within the 257 trimer might be linked, and raises the possibility that PfA-M17 might utilise cooperativity during 258 catalysis. If different conformations of PfA-M17 do indeed exist throughout the catalytic reaction, 259
we rationalised that we might be able to capture a previously unobserved state in a novel crystal 260 form and determine its structure by X-ray crystallography. We therefore screened for different PfA-261 M17 crystallisation conditions and solved a novel structure to 2.3 Å by molecular replacement (SI 262 6). The structure consisted of two copies of the hexamer in the asymmetric unit, with the overall 263 quaternary structure similar to previous PfA-M17 structures. However, the new structure shows a 264 vastly different active site arrangement to any previously observed M17 structure. In the previously 265 determined PfA-M17 structure, herein referred to as the 'active' conformation, the flexible active 266 site loop (residues 379-391) lines the active site and extends into the solvent of the inner cavity. In 267 the new conformation, this loop is observed to cross the active site, completely occluding its 268 entrance (Fig 3) . Further, the loop extends to the active site of the neighbouring chain in the trimer, 269
where it occupies the binding pocket with a key lysine residue (Lys386) (Fig 4, Movie 2 . To obtain the slack within the loop to adopt this extended, occluded 274 conformation, the secondary structure at both ends of the loop has been disrupted (Fig 3C) . This 275 includes disruption of the α-helical structure of nine residues (392-401) and complete disruption of 276 a short beta strand (372-379) (Fig 3D, Fig 4) . The active site rearrangement extends beyond protein backbone changes, and includes the 310 catalytic zinc ions absolutely required for enzyme activity. Based on kinetic and biophysical 311 characterisation, the two zinc sites of the M17 aminopeptidases have previously been termed site 1 312 and site 2, whereby site 1 is that closest to the mouth of the active site (Fig. 4B) , 2010) . In the novel conformation described here, we observed re-318 arrangement of the zinc binding positions (Fig. 4B and 4D ). While site 1 is occupied with a zinc 319 ion, the 'catalytic' zinc in site 2 is absent. Further, a zinc ion is bound in a third, previously 320 uncharacterised site, coordinated by the side chains of Asp394 and Asp399, and the main chain 321 oxygen of Met362, as well as two ordered water molecules, changing the coordination from 322 tetrahedral (Fig 4B) to octahedral (Fig 4D) . Dialysis in mixed metal buffers (Zn 2+ and Co 2+ ) has 323 previously shown that metal ion exchange between site 1 and 2 is also possible (Allen et al., 1983) , 324 therefore re-arrangement of the active site zinc ions is not unprecedented, though the existence of a 325 third site was not considered. In the new conformation characterised here, the zinc coordination by 326
Asp394 is significant since this residue lies within the flexible loop (residues 375-401), and it is the 327 rotation of Asp394 from the external solvent into the active site that resulted in disruption of the 328 active site alpha helix. There is therefore a direct link between the third zinc binding site and the 329 flexible loop, which has substantial implications for catalysis. To investigate the potential impact of 330 the loop rearrangement on the catalytic activity of PfA-M17, we superposed the previously 331 observed active PfA-M17 conformation with the occluded conformation characterised here. The 332 overlay shows that in the occluded conformation, Lys386 occupies approximately the same space in 333 the neighbouring binding pocket that was previously occupied by the original Lys386 conformation 334 (Fig. 4B and 4D) . Therefore, within the trimer, the two conformations are incompatible, and one 335 chain would not be expected to adopt the active conformation whilst its neighbour is in the 336 occluded conformation. Further, overlay of PfA-M17 in complex with substrate-analog bestatin, 337
shows that the occluded loop conformation occupies the bestatin-binding space. Based on this, we 338 would not expect the occluded conformation to be capable of binding substrate. To confirm this 339 hypothesis, we attempted to soak bestatin into the occluded crystal form; bestatin was never 340 observed to bind. We therefore propose that the occluded conformation of PfA-M17 is unable to 341 bind substrate, and conclude that we have captured an inactive conformation of PfA-M17. 342
Importantly, the crystal structure of occluded PfA-M17 is consistent with our MD 343 simulations, although the MD simulation showed the loop rearrangement in only two active sites 344 (one of each trimer). The major difference between the MD and crystallographic 'inactive' 345 conformations is the rearrangement of the catalytic zinc ions, which is a key component of the 346 crystallographic conformational change. However, the hybrid 'bonded / non-bonded approach' that 347 was used to model the metal centre in our simulations, required us to fix the positions of the zinc 348
ions (Yang et al., 2017). Since the novel zinc coordination site is directly linked to the flexible loop 349
through Asp394, and the MD simulations, which do not allow zinc rearrangement, show only a 350 partial loop conformational change, we suggest that zinc movement is necessary for the complete 351 rearrangement of the active conformation into the inactive conformation. 352
353
The dynamic loop is key to PfA-M17 catalysis 354
Our MD and crystallographic studies identified a flexible loop in PfA-M17, which has 355 important mechanistic implications. Therefore, to confirm that the characterised conformational 356 changes occur as part of the catalytic mechanism, we sought to (1) probe the role of key loop 357 residue, Lys386, (2) examine how loop flexibility affects catalysis, and (3), determine the functional 358 role of the third zinc binding site. For this purpose, we used site directed mutagenesis to alter key 359 residues, and measured their activity using our fluorescence-based activity assay. 360
Lys386 has a potential role in the PfA-M17 catalytic mechanism, but is also a key player in 361 the identified loop re-arrangement. To probe the importance of Lys386 to catalysis, we generated 362
PfA-M17(K386A). PfA-M17(K386A)
showed substantially reduced activity compared to the wild 363 type enzyme (Table 1 ). This retardation of activity is due to a decrease in the ability of the enzyme 364 to accelerate the reaction (decrease in k cat ), as opposed to reduced substrate binding (K M is largely 365 unchanged). Although this result demonstrates that Lys386 is key to PfA-M17 function, it does not 366 discriminate between a role in the catalytic reaction versus the loop rearrangement. To specifically 367 examine the role of loop conformational dynamics in catalysis, we introduced a proline in place of 368 Ala387, a loop residue that does not form interactions in either the active or occluded structures. 369
PfA-M17(A387P), similarly to PfA-M17(K386A), showed substantially reduced catalytic activity 370 (Table 1) . Large concentrations of enzyme were required to measure enzyme activity, which 371 manifested as reduced product turnover (decreased k cat ). Therefore, flexibility of the loop that links 372 the active sites of PfA-M17 is clearly important to catalytic function. 373
The presence of a third zinc binding site in PfA-M17 was surprising since, to our 374 knowledge, an equivalent site has never been observed in any M17 aminopeptidase. We were 375 therefore curious to examine potential functional roles for the site. In the active conformation of 376
PfA-M17, Asp394 has no clear role. While close to the active site, the side chain is directed to 377 solvent and makes no direct interactions. Therefore, we disrupted the ability of site 3 to coordinate 378 zinc with PfA-M17(D394A). The effect of this mutation on enzyme activity was profound and 379 unexpected. Rather than a reduction in activity observed for the previous mutations, PfA-380 M17(D394A) showed greatly increased catalytic ability. Again, this resulted from an altered rate 381 (increased k cat ) rather than substrate binding affinity (K M unchanged, Table 1 ). Therefore, 382 preventing the rearrangement of the catalytic zinc ions by removal of zinc binding site 3 greatly 383 increases the catalytic efficiency of PfA-M17. coupled with the rearrangement of the active site zinc ions, which we propose is key to the 394 mechanism. We therefore suggest that the inactive conformation we have characterised is the 'off' 395 switch in a dynamic regulatory mechanism. Based on current evidence, there are two potential 396 mechanisms by which the loop motion might regulate activity: (1) 
mechanism. 407
Our current data lend support to both concurrent and sequential activation mechanisms. 408
Although it is possible that we have not yet identified the specific conditions to differentiate 409 between the two mechanisms, we propose the more likely scenario, is that PfA-M17 functions by a 410 combination of the two (Fig. 5) . In this mechanism, the enzyme is capable of sampling three major 411 states: (1) an inactive state wherein all chains adopt the occluded conformation and no catalysis 412 occurs (Fig. 5A) , (2) an active state which allows catalysis to occur in all active sites concurrently 413 (Fig. 5C ), and (3) an intermediate, or sequential activation state, which is moderated by the 414 regulatory loop to allow proteolysis in only one active site per trimeric unit (Fig. 5B) . This 415 'combined' mechanism would allow exceptionally fine control of catalytic rate when fast (active 416 state), moderate (sequential activation state), or no (inactive state) proteolysis is required. showed that while Lys386 is highly conserved, neither the flexible loop nor the aspartic acid residue 452 that defines the third zinc binding site are conserved. Closer examination showed that the loop 453 regions could be classified into two groups; those with loops of similar length and nature to PfA-454 M17 as well as zinc site 3 (Asp or Glu), and those that have a shortened loop, often coupled with 455 increased proline content and absence of zinc site 3 (though Asp394 is still present in some of these 456 enzymes). Due to the predicted increase in rigidity and decreased length of the loop in this latter 457 group, we speculate that these enzymes are incapable of the loop dynamics described for PfA-M17 458
here. Interestingly Hp-M17, the only M17 aminopeptidase of our knowledge to have identified 459 Proteins were purified as has previously been described for wild type PfA-M17 (McGowan 496 et al., 2010) using a two-step purification procedure of Ni-NTA agarose column followed by gel 497 filtration chromatography on a Superdex S200 10/300 column in 50 mM HEPES pH 8.0, 150 mM 498 NaCl buffer. Analytical gel filtration chromatography was performed on a Superdex S200 Increase 499 10/300 in 50 mM HEPES pH 8.0, 150 mM NaCl. Approximate molecular weight of eluate was 500 calculated by interpolation of a standard curve constructed with appropriate molecular weight 501
standards. 502 503
Aminopeptidase assays and analysis. 504 For active enzymes, the Michaelis constant, K M , was calculated from the initial rates over a 514 range of substrate concentrations (0.5 -500 µM) with enzyme concentrations fixed at 150 nM for 515 the wild type PfA-M17, 20 nM for PfA-M17(D394A), and 1000 nM for PfA-M17(A387P) and PfA-516 M17(K386A). Gain was fixed at 800 for all Michaelis-Menten assays. Kinetic parameters 517 including, K M , k cat , and n H were calculated with non-linear regression protocols by using GraphPad 518 Prism 7. 519 520 Crystallisation, data collection, structure determination and refinement. 521
PfA-M17 was concentrated to 10 mg/mL in 50 mM HEPES pH 8.0, 150 mM NaCl for 522 crystallisation. Crystals were grown by hanging drop vapour diffusion, in 20 % PEG3350, 0.2 M 523 calcium acetate, with drops composed of 2 µL protein plus 1 µL precipitant. Crystals grew to large 524 plates in 7 days. For soaking experiments, crystals were transferred to fresh drop composed of 525 crystallisation solution supplemented with 1 mM of bestatin (Sigma-Aldrich, B8385) for 24 hours 526 prior to cryoprotection. Crystals were cryoprotected in mother liquor supplemented with 15 % 2-527
Methyl-2,4-pentanediol for 30 s before flash cooling in liquid nitrogen. 528
Data were collected at 100 K using synchrotron radiation at the Australian Synchrotron 529 using the micro crystallography MX2 beamline 3ID1. Data were collected from two wedges of the 530 same crystal, which were merged after integration. Data were processed using iMosflm (Battye, were neutralised with sodium counter ions. Proteins and ions were modelled using the AMBER 555 force field FF12SB (Case et al., 2005) , the metal centre was defined as described previously (Yang 556 et al., 2017) and waters represented using the 3-particle TIP3P model (Jorgensen, Chandrasekhar, 557 Madura, Impey, & Klein, 1983). All atom MD simulations were performed using NAMD 2.9 on an 558 IBM Blue Gene/Q cluster (monomer simulations) or x86 (hexamer simulations). Equilibration was 559 performed in three stages. First, potential steric clashes in the initial configuration were relieved 560 with 50000 steps of energy minimization. Initial velocities for each system were then assigned 561 randomly according to a Maxwell-Boltzmann distribution at 100 K. Each system was then heated 562 to 300 K over 0.1 ns, under the isothermal-isometric ensemble (NVT) conditions, with the protein 563 atoms (excluding hydrogens) harmonically restrained (with a force constant of 10 kcal mol -1 A -2 ). 564
Following this, each system was simulated for 100 ps under the isothermal-isobaric ensemble 565 (NPT) with heavy atoms restrained. The harmonic restrained used were reduced from 10 to 2 kcal 566 mol -1 A -2 during the simulations. The above equilibration process was performed three times from 567 the same starting structure in order to initiate three production simulations with different initial 568 velocities. For production simulations, the time step was set to 2 fs and the SHAKE algorithm was 569 used to constrain all bonds involving hydrogen atoms. All simulations were run at constant 570 temperature (300 K) and pressure (1 atm), using a Langevin damping coefficient of 0.5 fs −1 , and a 571
Berendsen thermostat relaxation time of τ P = 0.1 ps. The Particle-Mesh Ewald (PME) method was 572 used to set the periodic boundary conditions (PBC) that were used for long-range electrostatic 573 interactions and a real space cut-off of 10 Å was used. Conformations were sampled every 10 ps for 574 subsequent analysis. All frames with time interval of 10 ps were saved to disk. 575 576
MD Analysis. 577
Simulation trajectories were analysed using the GROMACS 5.14 simulation package. For 578 principle component analysis (PCA), 3N*3N atom covariance matrices of the protein displacement 579 in simulations were generated based on backbone atoms (N, Cα, C, O) of the PfA-M17 crystal 580 structure. Principle Components (PCs), that taken together accounted for more than 50% of the 581 overall covariance, were chosen for essential dynamics analysis. The GROMACS 5.14 simulation 582 package was used to project the trajectory onto the top PCs. Graphs and plots were produced with 583
Xmgrace and GraphPad Prism7. Molecular graphics were prepared with PyMOL 1.8.23 and 584
VMD1.9.3. 585 586
Channel analysis. 587
The channels to the interior of the PfA-M17 hexamer were examined using Caver 588 
